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Abstract 
Power generation from wind energy is becoming more popular, having exponential yearly growth during the last decade. Furthermore, wind 
farm (WF) projects are now moving into complex utility scale power generation systems comprising of arrays of large wind turbines (WTs), 
whose development, installation and operation are constrained by extreme and hostile environments. However, this increases the need for 
through-life engineering service (TES) for WTs especially in offshore applications, where the operations and maintenance (O&M) becomes 
more complicated as a result of the harsh marine weather and environmental conditions. In this paper, TES of WTs is presented – identifying 
the current state-of-the-art in methods and applications, requirements and needs, challenges, and opportunities of TES in the wind sector. Also 
an illustrative case study on WT gearbox through-life support is presented to demonstrate the potential opportunities and applications of TES in 
the wind industry. 
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1. Introduction 
Renewable and alternative energy technologies have 
evolved from small scale R&D projects to commercial 
technologies, contributing to the global energy and power 
generation mix. In particular, power generation from wind 
energy is becoming more popular, having had an exponential 
growth in the last two decades (see Fig. 1.) and currently 
generating 2.5% of global electricity supply [1]. This growth 
is forecasted to continue, as the amount of global electricity 
that could be supplied by wind in 2020 is estimated to be 
between 8-12% [1]. Furthermore, wind power generation has 
also evolved from a small industry in a few countries [2] to a 
large global industry with complex utility scale systems, 
comprising of arrays of large WTs connected to the grid. 
Moreover, as typical WTs are designed for at least a 20 year 
life time, there is an essential need for through-life support in 
order to sustain the continuous operation of the WTs at a 
minimum life-cycle cost. However, designing, delivering and 
supporting WTs are not without challenges, one of which is as 
a result of the nature of the operating environments of WTs 
(offshore in particular). Also, as governments reduce or pull 
out from subsidies and tax credits, the industry is faced with a 
challenge of cost reduction so as to be as competitive as the 
conventional and nuclear power sectors. 
 
Nomenclature 
CM Condition Monitoring 
CMS Condition Monitoring Systems 
EVs Electric Vehicles 
OEM Original Equipment Manufacturer 
O&M Operations & Maintenance 
PD Product Development 
PSS Product Service Systems 
SCADA Supervisory Control and Data Acquisition 
TES Through-life engineering services 
WF Wind farm 
WT Wind Turbine 
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Fig. 1. Global annual installed wind capacity [3] 
This paper reviews the state-of-the-art and current 
challenges of TES in the wind industry. Furthermore, a 
forward view is taken by identifying possible opportunities 
which could address the challenges and meet TES needs and 
requirements. Finally, a short illustration of how TES can be 
implemented in the wind industry is presented with an 
exemplar case study on WT gearbox through-life support. A 
focus will be placed on offshore WFs since the wind industry 
is gradually shifting from onshore to offshore and offshore 
wind is still in its nascent stages [4]. 
2. Related works 
For many long-lived complex engineering artefacts, such 
as aircrafts, ships, naval vessels, conventional and nuclear 
power systems, to name a few, there is a great emphasis on 
TES, right from the early PD stages through utilisation and 
until retirement. This is partly because such artefacts are very 
complex to design and expensive to manufacture and 
maintain. Furthermore, such artefacts require a great deal of 
support since they are typically in service for decades. WF 
projects are not so different from such types of artefacts in 
some, if not all, of these respects. They are designed to last for 
about 20 years or more, during which the WTs are expected to 
keep operating as long as the wind blows. Hence a similar 
emphasis on TES is also required in the wind industry to 
provide the necessary support for WFs through-life. 
TES involves Managing products and services required to 
deliver a fully integrated capability to the customer [5], [6]. 
The integration of products and services implies that OEMs 
are now taking more responsibility for the whole life of a 
product and not just making a product and selling service 
offerings to customers as add-ons [6], [7]. The implication of 
this is the reduction in the ownership costs for the customer 
[5], i.e. customers do not necessarily own the product but pay 
for services [8]. Furthermore, TES presents OEMs the 
opportunity of learning about product usage by customers [6], 
having a broader scope and motivation to learn from their 
involvement in in-service activities [8]. Perhaps the most 
important aspect of TES is to ensure that the required value 
from the product is delivered to the customer over all stages 
of the life-cycle. Value may be a combination of services or 
promised function, capability or availability. Hence OEMs 
have to also consider post-design and aftermarket services for 
their product, thereby providing value to the customer over all 
stages of the product life-cycle in a holistic manner [5]. 
Relevant to the scope of this paper, similar research have 
looked at the challenges and opportunities of TES in different 
sectors such as Nuclear [9], Maritime [10] and Automotive 
[11]. For example, Norden et al. [10] proposed a new service 
contract business model for through-life asset management in 
the maritime industry. This model provides a holistic service 
package which is customisable and offered for a fixed time 
based fee. Knowles [11] discussed the through-life 
management of EVs, identifying the role of TES in addressing 
the issues with EVs and their technologies, and suggesting 
future recommendations for research in TES of EVs. More 
closely linked to the subject of this paper are the works by 
Tracht et al. in [12] and [13], where they dealt with an aspect 
of TES of offshore WTs by developing models for accurate 
spare parts demand forecasts. 
3. Wind turbine through-life support 
3.1. Current state-of-the-art 
The life-cycle of a typical WF involves the following 
stages: WF site planning & design, turbine (system) 
specification, subsystem & component design-integration-
validation, turbine integration, validation, installation & 
commissioning, utilisation & support and disposal. Of all 
these stages, there is a growing interest in the management of 
the utilisation & support stage. This is due to the high O&M 
costs of WTs, which are very difficult to predict upfront 
(especially the cost of unscheduled maintenance) [14]. 
Furthermore, this uncertainty is becoming more important as 
governments gradually reduce their subsidies and tax credits 
[14] for commercial WF projects.  
In general, a WF project will consists of several 
stakeholders ranging from the developers, financers, utilities, 
WF owners, OEMs, suppliers, governments, communities and 
even the environment [2]. From a TES perspective the 
relationships of importance after a WF project has been given 
a go ahead, are those between the OEMs, customers, and 
suppliers. The types of TES contracts between these key 
stakeholders vary from long term full service contracts to 
basic product warranty type contracts. Typically, maintenance 
repairs and overhaul activities are carried out by the WT 
OEM depending on the type of service contract with their 
customers [15]. There is also the possibility for owners of 
large WFs to have their own service personnel or contract 
maintenance activities to third-parties or independent service 
providers, whilst buying spares from OEMs. This is unlike the 
performance or availability type contracts which is the current 
state-of-the-art in industries such as aerospace and defence.  
Preventive maintenance and reliability centred 
maintenance has been the industry’s state-of-the-art in O&M 
[15], [16].  However, the industry moved to condition based 
maintenance for multi-megawatt WTs following series of 
catastrophic failures of main components in the early 1990s 
[17]. The two main approaches for CM in WTs are SCADA 
systems and CMS. SCADA systems were primarily installed 
in WTs to measure operational parameters, such as wind 
speed, ambient temperature, temperature/pressure of sub-
systems in the WT etc. [17]. On the other hand, CMS are used 
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to monitor parameters such as drivetrain vibrations and oil 
particle counts. CM of WTs is very important due to their 
remote operation. Furthermore WTs fitted with advanced 
control systems can be accessed remotely for start-up and 
shut-down, and not just for monitoring operational 
parameters. There is also the possibility to optimise power 
produced by WTs by matching operating and environmental 
conditions with desired power output through automatic 
controls. For example,  the pitch control  is used to match the 
blade angle to wind conditions so as to provide the optimum 
power output and noise levels [17]–[20]. 
3.2. Requirements and needs 
WTs are designed to operate in environments with unusual 
and unpredictable conditions and complex terrains. However, 
this brings about challenges in both the design and utilisation 
stages of the life-cycle. On the one hand, underestimation of 
operating loads during design, have in the past led to early 
failures of WT components e.g. gearboxes [21]–[23]. On the 
other hand, even if the operational loads are well understood 
and accounted for in the design, there is still a challenge of 
accessibility to WFs (offshore in particular) to carry out O&M 
activities due to harsh environmental conditions. This in turn 
leads to longer downtimes and high O&M costs [14], [24]. 
From a TES perspective, there is a need to be able to 
design, deliver and support WTs, not just to withstand the 
harsh operational environment, but to do this as the least life-
cycle cost. Hence for TES to be implemented, WT OEMs 
have to ensure that certain key requirements are met. The 
primary customer requirement for a WF is to generate electric 
power as long as the wind blows (WF availability) and at low 
O&M costs, through the life of the WF. In order to meet this 
fundamental requirement, especially within an availability 
based contract, the OEM will need to understand and manage 
the key factors that influence the WF availability and O&M 
costs. Some examples of these factors include: 
 
x System and component failure modes and degradation 
patterns for reliability, useful life prediction and 
maintenance optimisation, 
x A robust logistics and supply chain structure that makes 
use of predictive models that account for the uncertainties 
caused by the weather, 
x Adequate training to service personnel for more efficient 
and effective maintenance task delivery, and 
x Adequate equipment, tooling and technology needed for 
improved maintainability and supportability. 
3.3. Challenges 
3.3.1. Environment and operating conditions 
There is enough evidence to suggest that some of the major 
challenges with WT TES are those attributed of the 
environmental and operational conditions [21]–[23].  These 
impose constraints on the design, manufacturing and O&M of 
WTs. Firstly, WTs experience high and fluctuating loading 
conditions, which have resulted in poor estimation of the 
design loads in the past [21], [22]. Secondly, the weather, 
terrains and environmental conditions play a huge role in 
gaining access to WFs and scheduling O&M. This is a greater 
problem in offshore WFs where wind, sea and wave 
conditions can be very extreme making it difficult or 
impossible to access WFs by even boats and helicopters. For 
example, offshore WFs have been previously known to 
experience months with over 20 unworkable days due to 
extreme conditions [25]. This means that O&M activities 
must be carried out during accessible seasons where 
components which are likely to fail during the harsh seasons 
need to be repaired or replace [17]. However, this requires 
extensive prediction and planning, and in practice is very 
difficult to achieve because a wrong decision could result in a 
significant economic loss [17]. 
3.3.2. Technical challenges 
Apart from the environmental and operating conditions 
there are technical challenges with WT TES. An example is 
that faced in CM, which has been described excellently by 
Yang et al. [17]. Unlike conventional rotating machines, WT 
CM signals, such as vibration and temperature, depend not 
only on the component integrity but also on the operating 
conditions [17]. Hence vibration and temperature changes do 
not necessarily imply a fault [17], making it very difficult to 
predict incipient faults using conventional CM algorithms. 
Furthermore, data from CMS and SCADA are not without 
noise and can result in generating poor models [23] leading to 
lots of false alarms. There is also a difficulty to convincingly 
interpret and convey the results to WF managers and 
specialists. This interpretation complexity, together with the 
high costs of CM technologies have discouraged WT 
operators from making wider use of CM [17].  
Another challenge, perhaps not very apparent, is the lack 
of maturity and application of prognostics and diagnostics 
technologies WTs. Recent studies in WT CM [16], [17] have 
shown that only a few CM techniques including vibration 
analysis, oil particle counter,  and fibre optic strain gauges are 
already in commercial use in WTs applications. Furthermore, 
these techniques are only mainly used for online CM and not 
for fault diagnosis. Many other techniques such as ultrasonic 
testing, thermography, and acoustic emission transducers, 
which can be used for detecting degradation and cracks in 
structural health monitoring, either do not have commercial 
WT applications yet or are only in their testing phases [17]. 
The immaturity in WT prognostics and fault diagnostics limits 
the scope for the implementation of an integrated health 
monitoring system in commercial WT applications.  
Finally, there is a challenge in developing required 
infrastructure, e.g. harbours, onsite component storage and 
ships, needed to support TES activities in offshore wind, 
adding another dimension of complexity to WF projects. 
3.4. Opportunities for TES 
The above mentioned challenges give rise to opportunities 
(business and technical) for TES in WTs. 
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•  After warranty 
service provisions 
on component 
level 
• Component  
warranty  
• component design 
upgrades 
• Selling electric 
power to the grid 
• In-house O&M 
capabilities (large 
utility companies) 
 
• WF power optimisation 
• WF warranty 
• Primary  service 
provider 
• WT design upgrades 
WT OEMs WF owners 
Independent 
service 
providers 
Component 
OEMs 
WF in-service support 
3.4.1. Business opportunities 
The main opportunity for WT OEMs in TES is that 
attributed to the shift from traditional product offerings of just 
selling WTs to customers and WF developers to an integrated 
PSS, where the WT OEMs provide wind power plant 
solutions. This type of business model requires through-life 
competencies and expertise (eg. repair, overhaul, performance 
upgrades of WTs and other aftermarket services) from WT 
OEMs, and not just expertise in PD, so as to meet the 
fundamental TES requirement. However, this is not a straight 
forward task as there are a number of competing forces 
involved in delivering TES. Fig. 2 illustrates this, presenting 
the key stakeholders involved in a WF in-service support. It 
can be seen that there is a scope for large WF owners (who 
have prior experience with conventional power plants) to have 
in-house O&M capabilities, and also to contract O&M to third 
party independent service providers. Hence for WT and 
component OEMs to adopt a TES type business model, they 
have to introduce the PSS design upfront in early PD. 
 
 
Fig. 2. Stakeholders in WF in-service support 
3.4.2. Technical and research opportunities 
It is obvious from the technical challenges identified earlier 
that there is still room for improvement from the current state 
in WT O&M. However, there are some areas with potential 
opportunities for WT O&M which are yet to be explored. 
 
x Self-healing technologies – self healing technologies can 
have a huge impact in the robustness of WTs hence 
reducing downtime. This could be of a great importance 
particularly in WT power electronics and control systems, 
which have suffered from higher failure rates than 
mechanical components [17], [26]. Although these systems 
are easier to repair and replace than mechanical systems, 
there can still be room for additional cost savings by 
avoiding frequent WT visits to replace minor electronic 
parts if such systems are able to reconfigure or repair 
themselves after a failure. 
 
x Integrated health monitoring systems – currently, 
available commercial CM technologies for WTs focus 
mainly on monitoring of the WT drive train, with some 
designed lubrication oil and blade monitoring [17]. This 
presents opportunities for research and innovation in the 
area of integrated health monitoring systems. For instance, 
research can look into applying other health monitoring 
techniques, such as thermography, acoustic emissions, etc. 
for WTs.  These can complement already existing CMS 
techniques which could possibly be combined into a full 
integrated health monitoring system. 
 
x Autonomous maintenance – with the rapid evolution of 
robotic and drone technologies, there is potential for the 
use of robots for maintenance tasks in WTs when human 
access is difficult or impossible. For example, robots with 
cameras can be used for remote visual inspection when 
service personnel cannot access the site during harsh 
weather conditions. 
4. An illustrative case study on WT gearbox TES 
4.1. Background 
Gearboxes are one of the most expensive subassemblies of 
the WT, which are also the most expensive to replace [23]. 
The wind industry since inception has suffered from high 
failure rates of gearboxes due to design defects and 
underestimation of operating loads [21], [23]. Furthermore, 
compared to other subassemblies, WT gearboxes have a 
higher downtime per failure [26]–[28]. This is mainly as a 
result of complexities in their maintenance and repair 
procedures especially in offshore applications [18], which  
most times would require heavy lifting equipment such as 
external cranes and vessels to for dismantling and shipping 
parts respectively. All these historical attributes of WT 
gearboxes make them ideal candidates for a case study to 
illustrate some of the steps and considerations needed for WT 
TES, especially in the offshore context. 
4.2. TES Requirements 
Just as for the overall WF, the fundamental TES 
requirements for WT gearboxes are that of availability and 
O&M costs. However, this can be broken down into two 
measures of technical and operational effectiveness.  
4.2.1. Technical effectiveness 
The first requirement to be met for TES is achieving 
technical effectiveness. This is very important because from 
the OEMs point of view, the functionality or promised 
availability of a WF is perhaps the key selling point to their 
customers. Hence, for technical effectiveness to be achieved, 
the minimum requirements of functionability and availability 
have to be met, see Fig. 3.  
The primary function of the gearbox is to transmit power 
from the rotor to the generator. To fulfil this requirement, the 
gearbox must be able to [29]: 
 
x Increase the low speed from the rotor to the high speed of 
the generator, while compensating for the torque 
differences across the gearbox resulting from variations in 
speed. 
x Remain functional for 20 years under dedicated and 
acceptable maintenance. 
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Functionability 
Function(s) 
Performance 
Attributes 
Actual availability 
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availability 
Reliability 
Maintainability 
Supportability Maintenance strategy 
 
Fig. 3. Technical effectiveness for WT gearbox TES, adapted from [30], [31]  
From the power production perspective, availability is of 
great importance. The availability of a WF is the percentage 
of time it is able to produce electricity [30]. This is a function 
of the reliability, maintainability and supportability [31] of 
each WT in the WF. This measure of availability applies to 
every main component of the WT including the gearbox. For 
WTs the issue of accessibility plays an important role in the 
actual availability due to the impact of weather conditions. 
Hence the actual availability will depend on the theoretical 
availability, accessibility to the site to carry out maintenance 
tasks and the maintenance strategy that is adopted. Hence 
traditional maintenance models and strategies have to be 
combined with operational, environmental and weather-
related predictive models for site access in order to ensure the 
availability targets are met. For gearboxes, this is even more 
crucial as majority of the repair tasks and part replacements 
require heavy lifting equipment and cranes. Also gearboxes 
would require other support equipment for logistics, such as 
large trucks, helicopters and offshore vessels for transporting 
service personnel and spare parts. 
In order to achieve technical effectiveness, a lot of effort is 
needed clearly identifying and defining system requirements 
as early as possible during the PD phase. The consequence of 
not doing this may result in reduced performance, reliability, 
maintainability, etc. Evidence has shown that in early WT 
gearbox designs, underestimating the operational loads led to 
higher than expected failure rates resulting in lost revenue due 
to high O&M costs attributed to downtime from such failures 
[21], [22], [32]. 
4.2.2. Organisational and operational effectiveness 
It is not as straightforward to identify hard measures for 
operational effectiveness as this depends on the nature of the 
organisational structure and business processes of the WT 
OEM. It also depends on the relationships OEMs have with 
their customers and suppliers. However, there are certain 
requirements which are considered to be important in TES 
implementation. Examples of these include: 
 
x Having a clear strategy for TES. 
x Recruiting individuals with the right expertise and 
competencies in delivering TES. 
x Leveraging systems and technologies that would automate 
and support TES related processes. 
x Measuring and benchmarking process performance 
(quality, efficiency, lead time, cost etc.) where necessary 
adopting principles such as lean, six sigma, etc. for 
continuous improvement. 
4.3. Implementing TES 
4.3.1. Remote monitoring  
During in-service, technical effectiveness can be achieved 
by using the state-of-the-art in online monitoring and 
maintenance technologies. CMS can be used to give 
indication of incipient failures in the gearbox. Also trending 
SCADA data with O&M records in a WF can be used to 
monitor the operational performance of gearboxes which also 
give an indication of the overall health of the gearbox. These 
systems can provide advance warning to WF operators of an 
impending fault in the form of alarms, enabling the ability to 
schedule maintenance activities whilst taking advantage of 
favourable weather conditions. 
4.3.2. Continuous learning and optimisation 
Another aspect, if not the most important, which is 
necessary for implementing TES is process through which in-
service knowledge is captured, fed back and reused. Authors 
including Goh and McMahon [8], Doultsinou et al. [33], 
Meier et al. [6], Igba et al. [34]  and McMahon and Ball [35], 
all agree that in-service knowledge has an impact on product 
design decisions and that for PSS companies to continuously 
optimise their through-life product performance, reuse of in-
service information is a must. In the context of WT gearbox 
TES, continuous learning and optimisation can be achieved in 
three ways: 
 
x WT & component maintenance optimisation. 
x WT & component design optimisation – feedback and 
reuse of in-service data for new product development and 
design upgrades. 
x Optimisation of the accuracy of prognostics and 
diagnostics systems and their algorithms. 
 
 
Fig. 4. Continuous optimisation and learning cycle for WT TES 
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Fig. 4 describes the process through which this can be 
achieved in WT TES. The major stages in the process are the 
capturing of in-service data, together with operational CMS & 
SCADA data, analysing and trending these data to provide 
input (feedback) for design, maintenance and CMS 
optimisation.  
5. Conclusion and future research 
This paper has presented an overview of TES in the wind 
industry. It reviewed the current practices in WT through-life 
support identifying the requirements, challenges and 
opportunities for TES. A short case study was presented to 
illustrate how TES can be achieved for WTs. This focused on 
gearboxes which are one of the most important components of 
WTs. 
Finally, some of the issues, challenges and opportunities 
which have been identified in this paper raise new research 
questions for potential future research in WT TES. Future 
research can in particular focus on the areas of service and 
technical innovation in WT TES. The former will involve 
developing new business models which augment TES through 
the provision of a holistic approach to TES in the wind sector. 
The later should focus on dealing with the issues faced in 
O&M. Perhaps more research is needed in pushing the limits 
of online health monitoring, autonomous maintenance and 
self-healing technologies so as to address O&M challenges.  
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